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NazV,(PO4); and Naz;V,(PO,4),F; are among the most studied and applied positive electrode materials in non-aqueous sodium-ion
batteries due to their relatively high capacities and redox potentials. However, the stability of these materials in aqueous
environments is relatively low limiting their applications in aqueous batteries or deionization cells. In this study, we provide a
comprehensive analysis of Na3V,(POy,); and Na;V,(PO,),F; degradation in aqueous media using a number of techniques such as
standard electrochemical methods, elemental analysis, powder X-ray diffractometry, and rotating ring-disc electrode. The latter
allows for real time in situ/operando degradation analysis during electrochemical operation. The results show that NazV,(PO,);3
suffers from chemical vanadium dissolution when immersed even in neutral pH electrolytes, whereas Na3V,(POy),F; is
significantly more stable. The results obtained by the rotating ring-disc electrode technique explicitly show that at pH ~7
Na3zV,(PO4); and NazV,(PO4),F; generate most of the soluble vy species during the electrochemical charging process. Whereas
in acidic pH, there is also additional electrochemically-induced generation of soluble V™ species during the discharging process.
The overall results suggest that fluoride ions significantly increase the structural stability of phosphate materials in aqueous
environments. Potentially, a careful electrolyte design with controlled proton and water activity could enable the use of
Na;V,(PO4),F; in aqueous electrochemical devices.
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Efficient means of storing electrical energy remain one of the
bottlenecks in utilizing intermittent solar and wind sources.'?
Alternative battery technologies based on abundant and easily
recyclable materials are attracting a lot of attention.** Na-ion
batteries are deemed to be one of such alternatives.””’ However, a
significant research effort is still needed to develop high energy
density, stable, and sustainable Na-ion battery materials. Due to their
structural stability and structural diversity, phosphate framework
materials are not only archetypical solid ion conductors but also are
very suitable low-cost electrode materials for Na-ion batteries and
other devices such as deionization cells.*™"°

Vanadium-based NASICON-structured Na;V,(PO4); (NVP) and
structurally related Na;V,(PO4),F; (NVPF) with their relativel
high specific charge capacity (117.6 mAh g~ ' and 128.3 mAh g,
respectively) and high redox potential (3.4V and 3.7/42V vs
Na'/Na, resgectively) are among the most studied and applied
materials.'"'* They also show high structural stability and reversi-
bility for Na™ extraction/insertion and are successfully used and
commercialized cathode materials in non-aqueous Na-ion
batteries.'> '8 However, the aqueous variation of Na-ion batteries
is recently also attracting a lot of interest."®' The use of aqueous
electrolytes solves several problems simultaneously. They are
inherently non-flammable, easy to produce, recycle and dispose,
and show high conductivities.'®?*?' Nevertheless, a number of
issues primarily related to the stability of electrode/electrolyte
materials in aqueous environments still need to be solved before
their full potential could be realized.'®?°** In addition to the
electrolytic decomposition of water, there is also transition metal
dissolution (leachinﬁg) which is typically more pronounced in
aqueous systems.>*™*® Vanadium dissolution into the electrolyte is
widely assumed to be the main degradation process of most V-based
electrode materials.?”*3

A number of different experimental methods have been used to
study the degradation of battery materials whether in situ/oper-
ando or post-mortem, such as various diffraction and spectro-
scopic techniques.'***! The electrochemical dissolution of
electrode materials has been previously studied in situ/operando

“E-mail: linas.vilciauskas @ftmc.1t

in specialized setups, e.g., different electroanalytical flow cells
coupled with ICP-MS/OES.>*373% However, electrochemical
detection of dissolved metals is a simple and suitable method to
study this process in battery electrode materials.*® Rotating ring-
disc electrode (RRDE) is a well-established technique which is
readily available in most electrochemistry laboratories. Although
it is typically used for studying the electrochemical processes
under complete hydrodynamic control, recently it has also been
successfully utilized to characterize e.g. dissolution/deposition
processes.’ ' For example, the dissolution products from the disc
working electrode are forced by rotational convection towards the
ring where they can be detected by applying an appropriate
oxidative or reductive potential.>”*' RRDE technique can provide
useful insights into the degradation processes and has several
advantages compared to more conventional methods used in
battery materials research: (i) soluble degradation products are
quickly swept away from the working electrode avoiding any
undesirable side reactions, (ii) these products could be detected on
the ring with insignificant time delay, (iii) the magnitude and time
variation of recorded ring current could be used for quantitative
determination of degradation extent with respect to the disc
working electrode state of charge.

In this work, NVP and NVPF electrodes are studied in standard
aqueous electrolyte solutions. The electrochemical performance is
initially characterized by cyclic voltammetry (CV) in unbuffered
(pH ~ 7) and citrate buffered (pH = 4) 1 M Na,SO, (aq.). This is
used to define general electrochemical conditions such as working
potential windows. The extent of chemical and electrochemically-
induced degradation of NVP and NVPF electrodes is assessed by
double redox titration of spent electrolyte solutions. This technique
allows for quantitative analysis of total vanadium content as well as
its average oxidation state in studied solutions.**~** The analysis of
electrode degradation is also supplemented by post mortem
characterization using powder X-ray diffractometry (XRD), and
scanning electron microscopy (SEM) coupled with energy dis-
persive X-ray spectroscopy (EDX). Finally, the RRDE technique is
used for in situ/operando characterization of vanadium dissolution
during the electrochemical operation of NVP and NVPF in
unbuffered and citrate buffered (pH = 4) 1M Na,SO, (aq.)
electrolyte solutions.
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Experimental

Material synthesis.—Na;V,(PO,); samples were synthesized
using the conventional solid-state method. In a typical synthesis,
stoichiometric amounts of V,05 (Thermo Fisher, 99.2%), Na,CO;
(Chempur, 99.8%), and NH,H,PO, (Honeywell, 99%) were mixed
using wet (2-propanol) ball-milling (Retsch, PM 400) at 350 rpm for
2 h. The resulting mixture was dried at 70 °C and the powder was
annealed in a tube furnace under a flowing forming gas (5% H, +
95% N,) atmosphere for 4h at 400 °C and 8 h at 800 °C with
intermediate regrinding. The obtained powder was milled in a
planetary ball-mill at 350 rpm for 2h. In order to enhance its
electronic conductivity, the powder was additionally coated with
carbon by pyrolysis of citric acid (CA). For this purpose, NVP and
CA were first dispersed in distilled water at 8:2 weight ratio, then
dried at 70 °C, and annealed at 700 °C for 2h in a flowing N,
atmosphere.

Na;V,(PO,),F; samples were prepared using aqueous sol-gel
synthesis. In a typical synthesis, stoichiometric amounts of NaF
(Chempur, 99%) and NH,VO; (Reachem, 99.5%) were dissolved in
deionized water. Next, stoichiometric amounts of NH4H,PO,
(Honeywell, 99%) and citric acid (CA) (Lach-Ner, 100%) (molar
ratio of V:CA = 1:0.8) were added into the same solution. The
obtained solution was left on a hot plate overnight in order to
evaporate water. The resulting powder was annealed at 300 °C for
4h and then at 700 °C for 8h in a flowing N, atmosphere with
intermediate regrinding. The obtained NVPF powder had ~5 wt% of
carbon due to pyrolysis of CA as determined by thermogravimetric
analysis (TGA). All obtained powders were additionally milled for
1 h at 350 rpm in order to achieve a uniform particle size distribu-
tion.

Structural and morphological characterization.—Powder X-ray
diffraction patterns of the materials and electrodes were recorded on
Bruker D2 Phaser X-ray diffractometer within the range 10° < 26 <
70° using Cu K,, radiation. The scanning speed and step width were
3° min~' and 0.02°, respectively. The EDX analysis of the
electrodes was performed on a table-top Scanning Electron
Microscope (SEM) (Hitachi TM-6000) equipped with an EDX
detector. Thermogravimetric analysis for the determination of
carbon content in active material was carried out on PerkinElmer
STA6000 analyzer in the temperature range of 30 to 700 °C at a
heating rate of 10 °C min~ ! in an air atmosphere (20 ml min ).

Electrode preparation.—The electrode slurry was prepared by
dry mixing 70 wt% of active materials with 20 wt% of carbon black
(CB) (TIMCAL Super-P, Imerys) in a planetary ball mill at 150 rpm
for 1h. After that, 10 wt% of polyvinylidene fluoride (PVDF)
(Kynar HSV1800, Arkema) and N-methyl-2-pyrrolidone (NMP)
(Sigma Aldrich, 99.5%) were added, and the slurry was additionally
mixed in a ball mill for 2 h at 350 rpm. For the conventional cyclic
voltammetry measurements, the slurry was cast as a film (ca.
300 ym) and dried in a vacuum oven (VO29, Memmert GmbH)
for 3 h at 120 °C. The resulting electrode film was transferred onto
316L stainless steel mesh (#325) disks with an area of 1.33 cm? by
pressing under a laboratory hydraulic press. The average active
material loading was ~2 mg cm™> and ~2.5 mg cm™> in NVP and
NVPF electrodes, respectively. For the RRDE experiments, the same
slurry was drop-cast on a glassy carbon disc of RRDE tip and dried
overnight. Prior to each RRDE measurement, the electrode was
additionally dried in a vacuum oven for 1h at room temperature
resulting in active material loading of ~4 mg cm 2.

Electrochemical measurements.—Conventional cyclic voltam-
metry (CV) experiments were performed in a bottom-mount beaker-
type three-electrode cell specifically designed for flat samples.
Hg/Hg,SOy/sat. K,SOy4(aq.) (MSE) (Redoxme AB) and graphite
rod (Redoxme AB), or Ag/AgCl/sat. KCl (aq.) (Metrohm Autolab)

and Pt sheet (Metrohm Autolab) were used as reference and counter
electrodes in conventional CV and RRDE experiments, respectively.
1 M Na,SOy4 (aq.) (Na,SO,4 anhydrous, Alfa Aesar, 99%) was used
as an electrolyte solution for electrochemical measurements unless
specified otherwise. The electrolyte volume in the cell was 15 ml and
100ml for CV and RRDE experiments, respectively. All
electrochemical experiments were carried out at room temperature
(ca. 20 °C) without any additional thermostatting.

All CV and RRDE measurements were carried out on a
potentiostat-galvanostat  (PGSTAT302N, Metrohm  Autolab)
equipped with a dual-mode bipotentiostat module capable to operate
two separate working electrodes sharing the same reference and
counter electrodes simultaneously. Galvanostatic charge/discharge
specific currents were calculated based on the theoretical capacity of
the respective materials. RRDE tip (Metrohm Autolab) was fitted
with a Smm diameter glassy carbon disc and thin concentric
platinum ring, separated by a 375 um insulating gap. The RRDE
rotation rate of 1200 rpm was used throughout this work.

Quantitative determination of vanadium content.—In order to
evaluate the extent of chemical or electrochemical degradation of the
electrodes, double redox titrimetry was carried out on the spent
electrolytes after immersion and cycling. For this purpose, the
collected electrolyte (ca. 12ml) was transferred into a 25 ml
measurement flask and filled with 4 M H,SO, (aq.) (Lach-Ner). In
order to ensure experiment repeatability, it was split into three
identical samples (8.33 ml each) and titrated with 2.5 1073M
KMnO, (aq.) (Chempur, 99.5%) until the color of the solution
changed to purple, corresponding to full oxidation of all vanadium
species to V). Subsequently, V¥ was reduced back to V™’ by
adding an excess of (NH4),Fe(SO,), (Chempur, 99.5%). The
remaining iron was oxidized to Fe!!lV by adding (NH4),S,0g
(Chempur, 98%) to avoid any undesired interference between
Fe™ and MnO,". The final titration, corresponding to the oxidation
of VIV into V&V was performed with the same KMnO, (aq.)
solution. This procedure provides information not only on the total
vanadium concentration but also its average oxidation state in
solution.**~*

In order to determine the amount of vanadium remaining in the
cycled electrodes, they were transferred into 2 M HNO; (aq.) (Lach-
Ner) solution and dissolved with the assistance of an ultrasonic bath.
The remaining insoluble solid particles mainly containing carbon
and PVDF binder were separated in a centrifuge. The solution was
analyzed quantitively using Perkin Elmer Optima 7000DV induc-
tively coupled plasma optical emission spectrometer (ICP-OES) to
determine the vanadium elemental concentration. Calibration was
performed by preparing appropriately diluted stock standard solu-
tions (single-element ICP standards 1000 mg 1™, Roth).

Results and Discussion

General electrochemical characterization.—The (electro)che-
mical degradation of NVP and NVPF electrodes was studied under
different (electro)chemical conditions: (i) chemical dissolution due
to immersion in an electrolyte, (ii) potentiodynamic cycling (CV),
and (iii) galvanostatic cycling (GCD) in 1 M Na,SO, (aq.) electro-
lyte solutions. Vanadium dissolution from the phosphate into the
electrolyte is assumed to be the main degradation process in NVP
and NVPF responsible for electrochemical activity and capacity loss.
The amount of vanadium dissolved in the electrolyte under different
conditions was quantitatively analyzed using double redox titri-
metry. In addition, the amount of undissolved vanadium remaining
in the electrode after a complete loss of electrochemical activity was
analyzed by post mortem powder XRD and by ICP-OES.

In general, the electrochemical activity of NVP and NVPF
materials is assumed to be related to the reversible V*/V®) redox
accompanied by (de)insertion of two sodium ions (out)/into the
phosphate framework structure:
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Figure 1. Cyclic voltammograms of NazV,(PO,); (a, b) and Na3V,(POy4),F3 (c, d) electrodes corresponding to the Ist, 2nd, 10th and 20th scans recorded in
unbuffered 1 M Na,SO, (aq.) (a, c) and citrate-buffered 1 M Na,SO4 (aq. pH = 4) (b, d) electrolytes at potential scan rate of 5 mV s

NazVi™ (POy); < NaV§V) (POy); + 2Na* + 2e~ [1]

NasVIP (PO,),F; < NaVIV) (PO,),F; + 2Nat + 2¢e~  [2]

Previous studies showed additional insertion of sodium into the
crystal structure of NVP/NVPF leading to further reduction of V™
to VI 46 However, this process is typically observed at low
potentials (~1.7V vs Na/Na) which are beyond the stability
window of low concentration aqueous electrolytes, therefore it is
excluded from further discussion.—

Initially, the materials were characterized by performing poten-
tiodynamic cycling in flooded beaker-type bottom-mount cells filled
with 1 M Na,SO4 (aq.). The cells were naturally aerated which
resulted in pH ~6 in unbuffered 1 M Na,SOy (aq.). An additional set
of experiments was also performed in citrate (pH = 4) and borate
(pH = 9) buffered electrolytes. The experiments at pH = 9 did not
yield any noticeable difference from those in unbuffered solutions in
terms of electrochemical activity or degradation. Therefore, they are
omitted for brevity and clarity of presentation. The results obtained
at 5mV s~ potential sweep rate are presented in Fig. 1. In the first
CV scan, NVP shows a pair of reversible anodic/cathodic peaks at
~0.6/0.4 V vs Ag/AgCl, respectively (Fig. 1a). This activity starts to
fade rapidly in subsequent cycles. Only very low capacity was
recorded after 20 CV cycles and the change of electrolyte color to
yellow which is characteristic to V&) was observed. Based on
vanadium Pourbaix diagram presented in Fig. 2, it is known that pH

E vs Ag/AgCl/V

Figure 2. Pourbaix diagram for the vanadium—water system. Different
colors represent different V oxidation states. Original data taken from
Ref. 47.

might have a strong effect on the oxidation state and stability of
. . .47

specific aqueous vanadium species.”” Therefore, CVs were also

recorded at pH 4 to assess the influence of the acidic environment on
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Figure 3. Comparison of NVP cyclic voltammograms in 1 M Na,SO, (aq.)
solution recorded for a fresh electrode (black), after 24 h electrode immer-
sion (red), and after 200 CV cycles (blue) at 5 mV sh

the stability of aqueous vanadium species (Fig. 1). Interestingly, the
fade of NVP electrochemical activity is even faster in an acidic
electrolyte suggesting that vanadium dissolution is accelerated under
such conditions. A similar situation is observed in the case of NVPF
as well. A pair of reversible anodic/cathodic peaks at ~0.85/0.65 V
vs Ag/AgCl are observed in CV (Fig. 1c). The recorded currents
start fading in subsequent potential scans similarly to NVP. This also
indicates a significant capacity loss of NVPF when cycled in 1 M
Na,SO,4 (aq.). A similar behavior is also observed in the pH 4
experiment. NVPF capacity fades much faster in acidic than in near
neutral conditions. It is worth mentioning that in the latter case some
additional peaks at lower potentials start to show up in later cycles. It
is difficult to identify their origin, but it could be related to the
electrochemical activity of some dissolved vanadium species on the
electrode surface. The electrolyte color changed to characteristic
yellow during NVPF cycling as well. The capacity loss of NVP and
NVPF under galvanostatic cycling conditions was quantitively very
similar to that observed under potentiodynamic conditions.
Therefore these results are omitted from further discussion for
brevity and clarity.

Some previous studies on other NASICON structured materials
such as NaTiy(POy); or NasMnTi(PO,); found that most of the
capacity fade was not directly related to metal dissolution but rather to
the loss of contact between active material particles. The main reasons
being partial dissolution, amorphization, and formation of blocking
interphasial layers on the particle surface.>”*® The results presented in
Fig. 3 show that the electrochemical response of NVP electrode as
estimated by CV was reduced by more than 50% after it was
immersed for 24 h in 1 M Na,SO, (aq.). In order to understand the
chemical and electrochemical details of NVP and NVPF capacity loss
in aqueous electrolytes, vanadium dissolution process was quantita-
tively analyzed using a number of different techniques (Fig. 4). First
of all, NVP electrodes were cycled for 200 CV cycles at 5mV s~
until virtually no electrochemical response attributable to vanadium
redox was observed (Fig. 3). Then the electrolytes were collected and
analyzed using double redox titrimetry. This method allows to not
only determine the overall dissolved vanadium content but also its
average oxidation state in solution. The results presented in Fig. 4
indicate that at least 66% of initial vanadium is dissolved from the
electrode into the electrolyte during cycling. The average oxidation
state of vanadium species found in the electrolyte is 4.9 + 0.03

100 5
0
| 9 : =[]
80 - % T

§C)

3
X =l 2
- c
o 604 [_JNVP (redox titrimetry) S
2 [C_INVP (EDX) kS|
3 [ NVPF (redox titrimetry) L4 %
3 [__|NVP (ICP-OES) o
o S
> 40 ©

o

&

>

20+
0 o m 3
24 h 48 h 120 h 200 CV scans
Experiment

Figure 4. Assessment of chemical and electrochemical dissolution of NVP
and NVPF in 1 M Na,SO, (aq.). Fraction of dissolved vanadium as detected
by redox titrimetry, EDX, or ICP-OES after either soaking NVP and NVPF
electrodes for 24 h, 48 h and 120 h or performing 200 CV scans in 1| M
Na,SO, (aq.) electrolyte. Titrimetrically determined average oxidation state
of V species in spent electrolytes (square symbols, right y-axis).

(Fig. 4), which supports the view that V' is the dominant species in
aqueous medium. In addition, the amount of vanadium remaining in
the electrode was determined post mortem by dissolving them in 2 M
HNOj; (aq.) and analyzing the obtained solution using ICP-OES. The
results in Fig. 4 show that only 7% of initial vanadium was still
present in the electrodes after 200 CV cycles. These results suggest
that the majority of capacity loss in NVP is due to vanadium
dissolution from the NASICON structure into aqueous electrolytes.

The extent of chemical versus electrochemically-induced vana-
dium dissolution in NVP and NVPF was quantitatively analyzed by
simply immersing and soaking the electrodes in 1 M Na,SO,4 (aq.)
electrolyte solution for 24 h, 48 h, and 120 h. In the case of NVP, the
characteristic yellow coloring indicating vanadium dissolution was
observed already after 24 h. The results in Fig. 4 show that ca. 2.5%,
12%, and 30% of vanadium dissolved after 24 h, 48 h, and 120 h,
respectively. This experiment suggests that chemical vanadium
dissolution is an important contributor to the NVP capacity loss in
low concentration aqueous electrolytes. The same experiment was
also carried out for NVPF electrodes. Interestingly, virtually no
vanadium dissolution from NVPF was detected even after 120 h
(Fig. 4). This result suggests that contrary to NVP, chemical
vanadium dissolution is such an important contributor to NVPF
capacity loss in aqueous electrolytes.

In order to quantitively evaluate the extent of NASICON phase
degradation, NVP electrodes were additionally studied post mortem
using powder XRD and EDX. For this purpose, 20 wt% of HfO, was
pre-mixed in electrode slurry during preparation and used as an inert
internal standard. The powder XRD patterns (Fig. 5) and EDX
elemental analysis (Fig. 4) were recorded for fresh electrodes, after
200 CV cycles, and immersion in 1 M Na,SO, (aq.) for 120 h. The
obtained results support our previous findings on significant degra-
dation of NVP phase in aqueous electrolytes even without electro-
chemical cycling. A clear reduction of characteristic NVP XRD
peaks is seen after electrode spends 120 h in electrolyte (Fig. 5a) and
a drop in Hf:V ratio from 2.52 to 1.67 in EDX elemental analysis
(Fig. 4). Furthermore, NVP phase is practically undetectable after
200 CV cycles as there are no visible NASICON peaks in XRD
pattern (Fig. 5a) and only a negligible amount of vanadium could be
detected by EDX (Fig. 4). A completely different situation is
observed in the case of NVPF. Virtually no changes of characteristic
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Figure 5. XRD patterns of (a) NVP and (b) NVPF electrodes containing 20 wt% of HfO, inert internal standard: fresh electrode (bottom-black), after 120 h
soaking in 1 M Na,SO, (aq.) (middle-red), and after 200 CV cycles at 5 mV s 'in 1 M Na,SO4 (aq.) (blue-top). Most of the unmarked reflections correspond to

the stainless steel mesh current collector.

NVPF XRD peaks are detected after electrode spends 120 h in
electrolyte (Fig. 5b). Moreover, most of the characteristic peaks are
only reduced but still easily visible after 200 CV cycles (Fig. 5b).

RRDE experiments.—Once the operating potential windows of
NVP and NVPF electrodes are known, it is necessary to select the
appropriate ring potential for analyzing the dissolved vanadium
species in RRDE experiments. First, a set of CVs were recorded by
sweeping the potential on the Pt ring electrode in: (i) fresh
unbuffered, (ii) citrate buffered (pH = 4), and (iii) collected V-
containing unbuffered 1 M Na,SO, (aq.) electrolytes. The results
presented in Fig. 6 suggest that in unbuffered electrolyte there is
little background interference between —0.7V and 1.2V vs Ag/
AgCl due to hydrogen and oxygen evolution, respectively. Once the
pH is lowered to 4, the onset potential of hydrogen evolution shifts
up to —0.4V vs Ag/AgCl. This reduces the operating electroche-
mical window at pH 4. In the case of collected V-containing
electrolyte, there is a significant electrochemical activity in the
entire potential window from —0.7 V up to 1.1 V vs Ag/AgCl. This
suggests that there could be a number of different vanadium species
undergoing redox reactions in such a system. Throughout this work,
VY is assumed to be the dominating species in solution according to
the Pourbaix diagram (Fig. 2). V&) could be generated intrinsically
in the active material in the charge state by disproportionation:*’

NavVIVVIV)(PQ,); < NavVID VvV (PO,); [3]

NavVvI(pPQO,),F; < NaVID VvV (PO,),Fs [4]

VY species could also be generated extrinsically by oxidation of
VIV or VI gpecies in aqueous environments.

In the case of a negatively polarized rini% in RRDE experiment,
the following reduction reaction to V'™ might be expected

1
Clean Pt ring electrode /\j
04 _—
-1 4
<
1S
-
-2
-3 —— 1M Na,SO, (aq.)
—— 1M Na,SO, (aq. pH = 4)
—— 1M Na,SO, (aqg.) V-containing spent electrolyte
-4 T T T T

-1.0 -0.5 I 0!0 I O!5 I 1.0 I 1.5
E vs Ag/AgCl / V

Figure 6. Cyclic voltammograms of clean Pt ring electrode in fresh
unbuffered (black), citrate buffered (pH = 4) (red) and V-containing spent
1 M Na,SO, (aq.) (blue) electrolytes recorded at 5 mV s7L

according to Fig. 2:

H,VOj; + 2e~ 4+ SH* - VOH?* + 3H,0 [5]

As suggested by our double redox titration results if some V™ is

also present in the electrolyte, another reduction reaction might take
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place on a ring:

VO** + e~ + H* —» VOH?* [6]
In the case of a positively polarized ring, it is either V(™ species
which can be oxidized to V¥:

VO?* + 3H,0 —» H,VOj + 4H* + e~ [7]
or V™ species which might be oxidized to V) in a two-electron
process:

VOH?* + 3H,0 — H,VO; + 5H* + 2e” [8]

A number of independent RRDE experiments were done
potentiodynamically and galvanostatically in unbuffered and pH 4
buffered 1M Na,SO, (aq.) electrolytes. Two different Pt ring
electrode polarization modes were selected to study possible reduc-
tion and oxidation processes of dissolved vanadium species. The
ring was kept at —0.7 V or at —0.4V in pH = 4 vs Ag/AgCl for
reductive and at 1.2V vs Ag/AgCl for oxidative processes. In all
experiments, the ring current was stabilized for 0.5 h before disc
polarization. The results presented in Fig. 7 show disc voltammo-
grams and ring chronoamperograms. The CVs look similar to the
ones obtained in a conventional cell (Fig. 1). The NVP degradation
seems to be faster in the RRDE experiments. This could be attributed
to (i) the much higher porosity of drop-casted electrode leading to
higher electrochemically active surface area and electrolyte access,
and (ii) faster removal of dissolved vanadium species due to forced
convection which shifts the equilibrium and accelerates dissolution.
In the case of negative ring polarization, the ring current starts to
increase markedly at the onset of the first anodic CV wave of the
NVP disc (Fig. 7a). The ring current increases approximately until
the disc anodic peak potential (0.6 V vs Ag/AgCl) is reached and
starts decreasing afterward. Another small increase is also observed
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close to the disc anodic end potential (1 V vs Ag/AgCl), which is
probably due to increasingly oxidative conditions. During the entire
first disc cathodic scan, the ring current systematically decreases
reaching negligible values at the cathodic end potential. This
unambiguously indicates that V) species are generated from
NVP during the entire charging process and not only at very high
potentials. However, there is virtually no electrochemically-induced
generation of V) during discharging. An identical set of experi-
ments was also performed with a positively polarized ring in order to
detect the presence of V™) and V™ species. The results in Fig. 7a
show the positive ring current values to be almost two orders of
magnitude lower than the negative ones. This suggests that although
there might be some lower oxidation state vanadium species present
in electrolyte, their concentration is almost negligible with respect to
V™ which is generated during the charging of NVP.

In the case of pH 4 buffered electrolytes, similar disc CVs and
negative ring current trends are observed as in the unbuffered case
(Fig. 7b). Only the magnitude of disk currents decreases by about
50%. This is similar to conventional CV experiments (Fig. 1) and
could be due to faster degradation in an acidic environment which
reduces overall NVP electrochemical activity. It is further supported
by the fact that the initial background current on the negatively
polarized ring at pH 4 is about 5 times higher than that in an
unbuffered electrolyte. Moreover, the negative ring current starts to
increase before the onset of the disc anodic peak at 0.5V vs Ag/
AgCl (Fig. 7b) and there is a similar negative ring current increase
during the reverse disc cathodic scan. All this suggests the presence
of more chemically dissolved V species at pH 4. Another important
observation is that there is also a peak of a positively polarized ring
current (~3 pA) on the first anodic disc scan at ~0.4 V vs Ag/AgCl
(Fig. 7b). This suggests that some of the V species could be also
oxidized on the Pt ring electrode. The only species that can be both
reduced and oxidized depending on the ring electrode polarization
are V™. The results suggest that the chemical dissolution of NVP at
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Figure 7. Cyclic voltammograms of RRDE disc electrode together with chronoamperograms of Pt ring electrode (right y-axes) corresponding to: (a) NVP in
unbuffered 1 M Na,SO, (aq.); (b) NVP in buffered 1 M Na,SO, (aq. pH = 4), (c) NVPF in unbuffered 1 M Na,SO, (aq.); (d) NVPF in buffered 1 M Na,SOy (aq.
pH = 4). Negative and positive ring potentials, were —0.7 V and 1.2 V in unbuffered electrolytes, respectively and —0.4V and 1.2V in pH 4 buffered
electrolytes, respectively. The disc electrode potential scan rate was 5 mV s~ '. Arrows on ring currents represent potential scan direction.



Journal of The Electrochemical Society, 2023 170 120529

pH 4 produces aqueous V™ species, which is also in agreement
with the Pourbaix diagram (Fig. 2).

The results of RRDE experiments for NVPF show similar trends
to NVP. In unbuffered electrolytes, the negatively polarized ring
currents are about a factor of two lower than in NVP. This suggests
that generally, NVPF is a more stable structure in aqueous media
than NVP. The negative I, starts to significantly increase at the
onset of an anodic disc wave but fades once the potential sweep
direction is reversed. The observed positively polarized ring currents
are similar, and about an order of magnitude lower than the negative
ones. This indicates that in near neutral electrolytes V¥ is mostly
generated during the electrochemical cycling of NVPF.

In pH 4 buffered electrolytes, the initial background current on
the negatively polarized ring is almost ten times larger than in
unbuffered 1 M Na,SO, (aq.) (Figs. 7d vs 7c). The negative Ljng
starts to increase well before the onset of anodic disc current peak
which could be attributed to the reduction of chemically dissolved V
species. On the positively polarized ring, the current values are about
five times higher compared to those in a neutral electrolyte (Figs. 7d
vs 7c). Interestingly, at pH 4, the positive Lj,, peak positions are
significantly shifted to negative direction with respect to NVPF disc
current peaks (Fig. 7d). One of the possible explanations for this
could be slightly stronger NVPF chemical dissolution during
discharge rather than charge.

A set of identical RRDE experiments were also performed in a
galvanostatic mode on NVP and NVPF disc electrodes. The specific
currents of 0.59 A g~' and 0.640 A g~' corresponding to a rate of
5C were used for NVP and NVPF, respectively. High charge/
discharge rates were selected due to the time-limited nature of these
experiments and found to be optimal in this particular case. The
operating potential cut-offs of 0.3-0.8 V and 0.1-0.8 V vs Ag/AgCl
were selected for NVP and NVPF, respectively. The data presented
in Fig. 8 is in the form of dQ/dE vs E plot. The results indicate two

reversible disc potential plateaus around 0.5V and 0.7V vs
Ag/AgCl for NVP and NVPF, respectively. The potential plateaus
in the NVP charge/discharge profiles are very flat, but slightly
slanted in the case of NVPF. Overall, the galvanostatic RRDE results
indicate very similar trends as the previously discussed experiments
in the potentiodynamic mode. However, the noise observed in the
ring currents is much higher. There is also an indication that ring
current waves are much broader in the galvanostatic mode and even
if they still correlate with the processes on the disc there seems to be
some delay. Nevertheless, the recorded positive ring currents for
NVP (Fig. 8b) and NVPF (Fig. 8d) jump by over an order of
magnitude at pH 4 versus neutral system supporting our previous
result that lower oxidation state vanadium species are generated in
acidic electrolytes. The fact that negative currents are also high
during discharging but not in all cases exceed those during charging
still confirms that most likely V™ species are also present during
degradation at low pH. These results might suggest that galvano-
static mode is not as suitable as potentiodynamic mode for this type
of experiments. In a potentiodynamic mode, the main redox
processes in the active material are accelerated during the potential
scan resulting in substantially higher currents observed on the disc
electrode. However, in a galvanostatic mode, the disc current is
constant and the electrochemically induced degradation processes
proceed more steadily over the potential range of operation. In turn,
this results in more steady currents on the ring electrode which
complicates the study of the degradation process in situ/operando.
The overall results obtained using RRDE technique explicitly
suggest that in addition to chemical dissolution, there is a non-negligible
electrochemically-induced generation of soluble V™ species at pH 4.
The origin and stability of V™ species can be explained thermo-
dynamically based on the Pourbaix diagram (Fig. 2) which suggests that
V™) s favored over V™ at lower pH values. Another possible
explanation could be more mechanistic, and related to the co-insertion
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Figure 8. Galvanostatic cycling of RRDE disc electrode together with chronoamperograms of Pt ring electrode (right y-axes) corresponding to: (a) NVP in
unbuffered 1 M Na,SO, (aq.); (b) NVP in buffered 1 M Na,SO, (aq. pH = 4), (c) NVPF in unbuffered 1 M Na,SO, (aq.); (d) NVPF in buffered 1 M Na,SOy (aq.
pH = 4). Negative and positive ring potentials, were —0.7 V and 1.2 V in unbuffered electrolytes, respectively and —0.4V and 1.2V in pH 4 buffered
electrolytes, respectively. The disc electrode potential scan rate was 5 mV s~ '. Arrows on ring currents represent potential scan direction.
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of protons into the NASICON structure. The protons would tend to
destabilize it and release reduced vanadium species into the electrolyte.>

Conclusions

In this work, aqueous degradation of vanadium-based
NazV,(POy4); and NazV,(PO4),F; phosphate framework materials
are comprehensively studied and analyzed using a number of
experimental techniques such as cyclic voltammetry, elemental
analysis, post-mortem powder X-ray diffractometry, and rotating
ring-disc electrode method. The cyclic voltammetry analysis of
NazV,(POy); in conventional cell setup and post-mortem electrode
characterization show that chemical vanadium dissolution due to
electrodes being simply immersed in 1 M Na,SO, (aq.) electrolyte is a
significant contributor to the capacity and electrochemical activity
degradation. On the contrary, the chemical dissolution of vanadium
from Na3;V,(POy4),F; is found to be almost negligible. This suggests
that anionic substitution by fluoride ions significantly increases the
structural stability of phosphate framework materials in aqueous
environments. The results obtained by the rotating ring-disc electrode
technique in potentiodynamic and galvanostatic modes provide a
valuable way to study Na3;V,(PO,4); and NazV,(PO,),F; degradation
processes real time during electrochemical operation in situ/operando.
The results unambiguously indicate that in near neutral electrolytes,
both Na3;V,(PO,); and NazV,(PO,),F; show a significant generation
of soluble V&) mostly during the charging process. However,
lowering the electrolyte pH not only increases the chemical vanadium
dissolution but also leads to the additional electrochemically-induced
generation of soluble V™) species which further increases material
degradation. The results indicate that Na;V,(PO,4),F; is a much more
suitable positive electrode material than Na;V,(PO,); for aqueous
systems. A carefully designed electrolyte with controlled proton and
water activity either using highly concentrated or hybrid (with organic
co-solvent) approach could enable the use of these materials in
aqueous electrochemical devices.
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